The atomic and electronic structures of the (001)-Si/(001)-γ-Al 2 O 3 heterointerface are investigated by first principles total energy calculations combined with a newly developed "modified basin hopping" method. It is found that all interface Si atoms are 4-fold coordinated due to the formation of Si-O and unexpected covalent Si-Al bonds in the new abrupt interface model. And the interface has perfect electronic properties in that the unpassivated interface has a large LDA band gap and no gap levels. These results show that it is possible to have clean semiconductor/oxide interfaces.
Interfaces between semiconductors and metal oxides are playing increasingly important roles in advanced material science [1, 2, 3] . In order to continue scaling electronic devices, a change from SiO 2 (with a dielectric constant k about 3.9) to high-k oxides has been proposed for the gate dielectric in future generation metal oxide semiconductor (MOS) technologies.
The key considerations for high-k gate dielectrics include high dielectric constant, high band offsets (at least 1 eV) with respect to silicon, thermal stability, and minimization of electrical defects in the interface. In particular, the quality of the interface is important for both carrier mobility and device stability. However, control of the interface to the Si substrate remains a stubborn outstanding problem. For example, hafnium-based amorphous oxides has a bulk dielectric constant of k ∼ 22 [4] , but its integration into the MOS gate stack poses substantial technological challenges [5] . Epitaxial growth of oxides could lead to more abrupt oxide-Si interfaces and consequently could offer solutions for the end of the roadmap. Indeed, single crystal γ-Al 2 O 3 (k ∼ 11) thin films have been epitaxially grown by molecular beam epitaxy on Si(001) substrates [6] . Hence, Al 2 O 3 could be a good candidate to be used directly as a gate oxide or as a thin buffer barrier when combined with high-k amorphous or epitaxial oxides.
In another context, there have been some efforts in developing high quality crystalline silicon (c-Si) film on inexpensive foreign substrates such as oxides to reduce the Si material cost for terrestrial photovoltaic (PV) cells [7] . Previous attempts to grow single crystal Si on some oxides such as CeO 2 failed due to the formation of SiO 2 [7] . Recently, Findikoglu et al. [8] demonstrated the growth of well-oriented Si thin films with high carrier mobility on γ-Al 2 O 3 substrate. In addition, Al 2 O 3 has been shown to passivate the c-Si surface efficiently for PV applications [9] . These results suggest γ-Al 2 O 3 could be a good substrate for c-Si solar cell growth. Therefore, detailed knowledge of the Si/Al 2 O 3 interface are vital.
Although many experimental studies have examined the growth of (001) γ-Al 2 O 3 on the Si (001) surface (γ-Al 2 O 3 /Si), the detailed interface structure remains unclear. Theoretically, Boulenc and Devos [10] proposed an interface model for (001)-γ-Al 2 O 3 grown on (001)-Si surface by incorporating a defective spinel model [11] Our density functional theory calculations employed the frozen-core projector augmented wave method (PAW) [12] encoded in the Vienna ab initio simulation package [13] , and the local density approximation (LDA). We use a plane-wave cutoff energy of 400 eV, except for the search of interface structures by the BH method, where we use a soft O PAW pseudopotential with a cutoff energy of 212 eV.
As a prerequisite to build the Si/γ-Al 2 O 3 interface, understanding the γ-Al 2 O 3 structure is necessary. Here, we adopt the bulk model constructed by Krokidis et al. [14] (We hereafter refer to this bulk model as Krokidis model), which has a lower energy [15] than traditional defective spinel models [11, 16] , and is consistent with experimental NMR and XRD results We first examine the thermodynamic stability of the interface by calculating the enthalpy of two possible reactions [19] :
SiO 2 , ∆H = 2.88 eV
These positive reaction enthalpies indicate that the Si/Al 2 O 3 interface is thermodynamically stable, i.e., the formation of SiO 2 and silicate is unfavorable.
The construction of the interface model is a nontrivial task. Usually, molecular dynamics simulations [20] or intuition were employed for this purpose. It should be noted that molecular dynamics simulations gives different interface structures depending on initial conditions, and it is almost impossible to guarantee that the constructed interface structure has the lowest interface energy. And it is very hard to design a good interface structure between two totally dissimilar materials just from chemical intuition. Therefore, we develop a new modified BH method [21] to determine the most stable interface structure. In conventional BH method, each BH run starts with a randomly chosen atomic configuration and is composed of a given number of Monte Carlo steps. In each of these, the starting configuration is first locally optimized to obtain an energy E 1 . Then, each atom is subjected to a random displacement in each of its Cartesian coordinates, and a new locally optimized structure is obtained with energy E 2 . Here, E 1 and E 2 are the total energies from DFT calculations.
where r is a random number between 0 and 1 (Metropolis criterion), the new configuration is accepted (otherwise the old configuration is kept), and the process is iterated. The BH method has been widely used to search the global minimal structure of clusters [21, 22, 23, 24] . However, to our best knowledge, the BH method has not been employed to search for the interface structure between two surfaces.
In our newly developed modified BH method for finding lowest energy interface structures, we name the two slabs as "top" and "bottom", respectively (see Fig. 2 ). In the case of the In this structure, the calculated lattice mismatch is about 1.6%. Here, the in-plane lattice constants of the supercell are fixed to be the theoretical lattice constants of bulk γ-Al 2 O 3 because γ-Al 2 O 3 has a large Young's modulus. We perform several BH simulations for 200 steps with different initial coordinates (the relative position between the Si surface and the Al 2 O 3 surface, and the atomic positions of the atoms of the hopping layer). Finally, the lowest energy interface structure found from the BH simulations is refined by performing a full atomic relaxation of the whole system, including all atoms of the "fixed" Al 2 O 3 layer and "rigid" Si layer.
The lowest energy interface structure that we find is shown in Fig. 3 . We can see that the dimer structure at the Si (001) surfaces is preserved as a result of the strong covalent Si-Si bond. We note that there is no dimer in the interface of the initial structure, while dimers The DOS for the interface is shown in Fig. 3(c) . We can see that the system is semiconducting with an indirect band gap of 0.46 eV. Remarkably, this value is larger than the LDA band gap (0.45 eV) of bulk Si. The presence of the band gap is also consistent with the stability of the interface. The DOS plot shows a type-I band alignment between Si and Al 2 O 3 . To compute an accurate band offset, we align the energy levels using the core levels [26] . The calculated valence band offset is 2.40 eV. The measured value between Si and α-Al 2 O 3 ranges from 2.90 eV to 3.75 eV [27] . The experimental valence band offset between Si and γ-Al 2 O 3 is expected to have a similar value. The discrepancy between the experimental result and our theoretical value are due to the different LDA error for the covalent Si and ionic Al 2 O 3 but the result is qualitatively correct [28] . To gain insight into the electronic properties of the interface, we show the partial charge densities of the topmost three HOMOs and bottommost three LUMOs of the interface in Fig. 3 
